Electrical impedance spectroscopy is a technique that has been investigated as a potential method for the diagnosis of epithelial carcinomas. Finite element modelling can provide an insight into the patterns of current flow in normal and pathological epithelium and hence aid in the process of probe design optimization. In order to develop a finite element model of the structure of normal and precancerous cervical squamous epithelium, it was first necessary to obtain the mean values and ranges of a number of morphological tissue parameters. The most important parameters in discriminating normal from neoplastic tissue were identified as being cell size and shape distribution, nuclear-to-cytoplasmic volume ratio and volume of extracellular space. A survey of the literature revealed an absence of reliable quantitative data for these parameters. We therefore present the results of our own basic image analysis on normal and pathological tissue sections, which we hope will be of use to other workers wishing to model cervical squamous epithelium, or other similar tissue structures.
Introduction
Electrical impedance spectroscopy, or EIS, is a technique that can be employed to detect differences in the frequency-dependent electrical properties of normal and pathological biological tissue. These changes in impedance can be related to both cellular and macroscopic structural scale changes within the volume of investigation. In terms of cellular structure, the frequency-dependent electrical behaviour is determined by the electrical properties of the membrane, intra-and extra-cellular spaces and nucleus (Schwan 1957) . The complex electrical impedance of tissue will also be determined by the dimensions, internal structure and arrangements of the constituent cells associated with different tissue pathologies. Clinical trials of an electrical impedance method of diagnosis for cervical neoplasia have been undertaken in Sheffield, and good separation has been obtained between a number of electrical parameters obtained from normal and precancerous tissue (Brown et al 2000) . Figure 1 shows a schematic interpretation of the progress from normal cervical epithelium, though the precancerous stages known as cervical intraepithelial neoplasia (CIN), or alternatively, squamous intraepithelial lesions (SIL) to overt cervical carcinoma. The changes include an increased nuclear-cytoplasmic ratio, loss of the layer of flattened cells close to the surface and an increase in the volume of extra-cellular space (White and Gohari 1984, Sorenson et al 1991) . The assumption that the differences in electrical parameters obtained from normal and precancerous tissues were directly related to these changes seemed reasonable. However, it was decided that the construction of finite element models representing both normal and pathological tissue structure would be a valuable tool in developing an understanding of the frequency-dependent patterns of current flow, and hence provide an insight into the influence of structural changes on measured impedance properties (Walker et al 2002) .
Finite element analysis is a numerical method routinely used in the solution of physics field problems. In the case of electrical problems, it is used to calculate an approximate solution for the potential distribution within a volume partitioned into elements. In summary, finite element analysis attempts to solve the equation
where φ is the vector of nodal voltages, I is the vector of applied currents and k g is a matrix of internal complex conductivities (known as the global stiffness matrix). The theory of this technique and examples of applications to electrical biomedical problems can be found in Miller and Henriquez (1990) . If the electrical properties of the various materials in our cell or tissue model are known (or assumed), for any given set of applied currents, the resulting potential at any point on the model boundary, and hence the transfer impedance, can be calculated. The starting point for any finite element modelling process is the construction of a geometrical model representing the volume (or in the case of a purely two-dimensional problem, the area) of interest and the partitioning of this volume or area into nodes and elements. The latter is not necessarily an elementary task, as there are certain constraints on the size and shapes of elements in order to avoid errors during the solution process. However, this skill is acquired with familiarity with finite element techniques, and is not the focus of this paper. Instead, we present a review of the current literature relating to cellular arrangements and morphological parameters of cervical squamous tissue, and describe a relatively simple analysis carried out in order to ascertain the range of values of some of these parameters in normal and pathological tissue.
Qualitative observations on the structure of cervical squamous epithelium

Normal tissue
Cervical squamous epithelium is stratified, i.e. consists of several layers containing cells with different morphological characteristics. It extends from the endocervical canal and is continuous with the epithelium of the vagina. The layers of epithelium can be subdivided into a number of different classes, relating to stages of increasing maturation: basal (stratum cylindricum), parabasal (stratum spinosum profundum), intermediate (stratum spinosum superficiae) and superficial (stratum corneum).
Basal cells are approximately cuboidal in shape, and have the largest nuclear-tocytoplasmic ratio of normal squamous cells. They are separated from the underlying stroma by the basal lamina-a fine carpet of rough collagen fibres. Maturation is the process by which cells undergo changes in morphology or function during their life span. As maturation takes place, a cell will move gradually from the basal layer towards the epithelial surface, becoming progressively more flattened, with a reduction in nuclear size, but an overall increase in cell volume.
There is also a difference in the types of cell junctions present throughout the squamous epithelium, and hence a non-uniform distribution of extracellular space. Tight junctions are predominant in the superficial layers close to the lumen, where the membranes of adjacent cells are partially fused, eliminating extracellular space and forming a semi-permeable barrier between the lumen and underlying tissue (Balda and Matter 1998) . In the less-mature layers of the tissue, different types of specialized contact areas of the cell membranes are observed, consisting of large protein molecules or networks of microfilaments effectively welding together the membranes of adjacent cells. In these layers, the extracellular volume is significantly larger than in the superficial layers (Hackemann et al 1968 , Friedrich 1973 , Feldman et al 1984 .
Structural changes associated with cervical intraepithelial neoplasia (CIN)
CIN is the term used by histologists and gynaecologists to describe the changes that take place in the squamous epithelium of the cervix as a precursor to invasive carcinoma. CIN is a continuous spectrum of change, whereby the epithelium may become progressively more abnormal in appearance, or dysplastic. Figure 1 illustrates changes in the squamous epithelium typically associated with differing degrees of abnormality. CIN is classified into three stages, CIN I-III, according to the severity of the dysplasia, and the level of the epithelium affected. There are no quantitative descriptors for these stages and thus diagnosis is highly subjective. A general guide for diagnosis is given in table 1. Generally, the stage of CIN roughly correlates with the proportion of the total epithelial thickness affected by dysplasia. For instance, tissue diagnosed as typical of CIN I will be normal throughout the upper two-thirds of its thickness, but enlarged nuclei may be visible in the lower third. The lower two-thirds of CIN II epithelium may appear abnormal, whereas in the case of CIN III, abnormal nuclei and cell structures may be present at the surface.
Perhaps the most apparent tissue structure change associated with the development of CIN is the loss of differentiation and stratification. In normal tissue, the rate of cell production and proliferation is controlled by complex feedback mechanisms. In neoplastic tissue, these mechanisms are disrupted and cells may grow at an unusually fast rate, or undergo unusual differentiation processes. In the case of CIN, small, cuboidal basal cells gradually lose their tendency to grow in volume and flatten towards the surface, eventually resulting in tissue that is homogenous throughout its thickness in terms of distribution of cell sizes and shapes.
Also evident is the increase in the nuclear-cytoplasmic ratio with increasing degree of dysplasia. This increase in nuclear size is not exclusive to cervical, or even epithelial neoplasms, but is a general feature of cancer and precancerous development. For instance, Meyer-Arendt and Humphreys (1972) studied the similarities in cellular and nuclear morphology between cancers of the cervix and the lung.
A major feature associated with CIN, although not visible on the scale of figure 1 , is the increase in volume of extracellular space. This has been reported by several authors, for various types of epithelia. These tissue changes will be discussed in more detail in the following sections.
CIN is not necessarily an irreversible process, and reversion to a normal tissue structure can be observed at any stage of the process. However, once the epithelium has become severely dysplastic (CIN III), microinvasion into the underlying stroma may occur, after which metastatic spread via the lymphatic system is possible. Diagnosis in the earlier CIN stages optimizes the opportunity for successful treatment before such a critical stage is reached.
Literature review of quantitative cell and tissue data
Nuclear-cytoplasmic ratio
Although there is agreement among most workers that there is an increase in nuclear volume associated with carcinoma in situ, and its precursors, again there is a notable lack of quantitative data on this subject. Most studies have considered cells to be only two-dimensional, with the change in nuclear size expressed as an increase in the cross-sectional surface area of the nucleus. The only exception in the case of cervical cells is the work carried out by Sorensen et al (1991) where stereological methods were used to estimate the volume change in three dimensions. Interestingly, the results of this study suggest an increase in the mean nuclear volume in the early stages of CIN, followed by a reduction in the later stages, and a subsequent further increase following microinvasion. Although the values reported by other workers show considerable variation, the general trend of an increase in nuclear volume or surface area ratio with CIN progression is evident. The findings of various workers are summarized in table 2.
Cell size
There are many qualitative studies on the cellular morphology of normal and abnormal epithelia, but few record actual cell sizes or areas of individual cell types. Feldman et al (1984) noted that basal cells varied considerably in size, even within the same specimen. They also recorded significant variation in the degree of increase in cell size above the basal layer. This was also the case for abnormal sections examined as part of this study. Friedrich (1973) , Hackemann et al (1968) and Shingleton and Lawrence (1976) have all carried out qualitative studies of the ultrastructure of normal cervical epithelium, and Yassin and Toner (1977) studied the characteristics of oesophageal squamous epithelium. None of these authors supply quantitative data for the sizes or cross-sectional areas of cells at different maturational stages, but all observe the common trend that cells above the basal layer become larger, possibly due to the absorption of water and nutrients according to Friedrich (1973) , and oriented with their longest axis parallel to the basal lamina.
Meyer-Arendt and Humphreys (1972) studied the morphological features of cells associated with carcinoma in situ of the cervix. They observed a wide variation in the size of these cells, but also noted that cancer cells were smaller than normal cells of the same origin. Boon and Kok (1985) and Artacho-Perula et al (1993) carried out similar work, but also included some numerical data for the distribution of cellular perimeters and crosssectional areas throughout the thickness of both normal epithelium and that in various stages of neoplastic development. These data are summarized in table 3.
Extracellular space (ECS)
A major feature associated with CIN that is not visible on the scale of figure 1 is the increase in volume of extracellular space. This has been reported by several authors, for various types of epithelium. Sugar (1968) observed an increase in the ECS in the basal layers of (1993) a Calculated using D/M ratio quoted in the paper.
human skin and laryngeal tumours as a result of loss of cellular cohesion. White and Gohari (1984) used a stereological technique to measure the volume density of ECS in normal and carcinogen-treated hamster cheek pouch epithelium. They reported a significant increase in the volume fraction of extracellular space in all layers of dysplastic and carcinogenous tissue and observed that although other forms of pathology-for instance, inflammation-may also result in enlarged ECS, the increase associated with neoplastic or pre-neoplastic conditions was significantly greater. The reason for this increase is not well understood, but it is thought to be related to cell degeneration, as cellular debris can be observed in the enlarged spaces between cells (Sugar 1968) . The one exception to this generally observed trend of increased ECS in abnormal tissue was reported by Wiernik et al (1973) , who employed stereological techniques to analyse a number of tissue parameters in the basal part of fixed normal and carcinogenous cervical epithelium. In this case, a greater mean extracellular volume was observed in the normal controls than in the cancerous tissue. Although the authors acknowledge that their findings are contrary to other similar studies, they do not offer any explanation as to why this might be the case.
For the purpose of our modelling work, it was assumed that ECS increases with pathological development, and electrical impedance data collected in vivo support this hypothesis. Unfortunately, there are few reliable quantitative data available regarding the volume or width of extracellular space in normal or pathological epithelia. This is largely due to the tendency of chemical fixatives used in standard histology procedures to dilate or shrink cells, thus distorting extracellular volume. Squier (1973a) examined this phenomenon in detail, using stereological techniques to measure the extracellular volume of rat palate epithelium after fixation with six commonly used fixatives and buffers of varying osmolarity. Five out of the six solutions tested resulted in a significant dilation in the volume of extracellular space due to cell shrinkage. In particular, phosphate buffered 2.5% glutaraldehyde, a chemical commonly used for tissue fixation, was observed to cause a 3-to 4-fold increase in the extracellular space volume. A very loose correlation between increasing fixative osmolarity and cell shrinkage was observed.
An identical study on inflamed rat palate epithelium by Squier et al (1973b) showed that pathological tissue responds differently to fixatives than normal tissue. Inflamed tissue samples treated with all but one of the test chemicals had a higher percentage volume of ECS than normal tissue in the same fixative, but wide variation in the degree of dilation was observed. The authors concluded that only studies which used identical fixation processes for normal and pathological tissue could be considered meaningful.
Although the quantitative data are largely unreliable, qualitative results are valid if the same fixative is used to treat both normal and pathological tissue samples. Modelling of ECS in this project is based on observations reported by White and Gohari (1984) : ECS in dysplastic tissue is approximately six times greater in volume than in normal tissue, and volume increases progressively in each layer as dysplasia develops. In order to obtain an estimate of how the volume density of ECS varies with depth beneath the epithelial surface, ultrastructural studies of normal cervical epithelium were consulted. These included studies by Friedrich (1973) , Hackemann (1968 ), Feldman (1984 , Shingleton and Lawrence (1976) , as well as publications relating to other types of epithelia (Landay and Schroeder 1977, Yassin and Toner 1977) . These papers contain qualitative descriptions of the variations of ECS throughout the depth of the epithelium, along with photographs of histological slides showing tissue typical of various stages of differentiation. Many of these slides are at extremely high magnifications, and the ECS can be easily delineated and measured using a ruler. For the purposes of this study, the epithelium was divided into four equally thick layers: lower, lower middle, upper middle and surface, denoted by the numbers 1, 2, 3 and 4 respectively. Different fixatives were used for each of the above studies, and therefore we cannot have confidence in the actual numerical values of the ECS widths measured from the photographs. However, if we make the assumption that the fixative used will have had the same effect on each histological section presented in each study, then the relationship between the volume densities of ECS at different locations within each tissue sample may be compared. Table 4 contains the ECS widths obtained for each layer from a review of the literature (or in the case of Landay and Schroeder 1997, the volume densities quoted by the authors). These figures were obtained by measuring the gaps between cells at five or more randomly selected positions on magnified photographs of the histological sections included in the literature. Where appropriate, the ratio of ECS widths in each of the differentiated layers as a ratio to that in the basal layer, are given in table 5.
It can be seen that whilst the actual widths of extracellular space vary quite widely from paper to paper, there is a general trend of an increase in extracellular space between the basal and parabasal layers, followed by a more significant reduction towards the surface of the epithelium.
Quantitative study of normal and abnormal cell morphology
Analysis of histology slides
It was decided that the limited numerical data for cell sizes in particular, did not provide a sufficient basis on which to construct accurate models of typical normal and precancerous (1977) epithelial cells, and that a detailed study of normal and abnormal cervical tissue specimens was required.
A large number of slides of histological sections derived from squamous epithelium were obtained, and each slide was diagnosed as either normal,or CIN grades 1-3 by a gynaecological histopathologist. The scale of each of the sections was known, so that exact dimensions of the features could be obtained directly. Between 10 and 14 slides representing tissue from each pathology group were selected using the criteria that cells throughout the entire epithelial depth should be as clearly defined as possible. This was a condition much more commonly fulfilled by the normal or low-grade CIN sections, where the dark-staining nuclei and cell membranes were separated by the translucent cytoplasm of larger cells. This is clearly demonstrated in figure 2 , which shows typical examples of sections from each of the groups.
Workers who have studied the structure of epithelia use a number of systems to classify the tissue into constituent layers. Three-, four-and five-layer systems have been used in different studies. Cells in each layer vary primarily according to their size, shape and nc ratio. These are all features that we expect will have some influence on the electrical conductivity, and hence will be included in our model. However, there is no definitive guide in terms of either cellular morphology, or position within the epithelium, that determines into which of the four layers a cell is classified. We therefore decided to simply divide the epithelium into four equal subdivisions and classify cells falling within the bottom division as level 1, the next as level 2, and so on.
The following parameters were required in order to construct cell models:
• the average height and width of cells typical of each of the four epithelial subdivisions • the average height and width of nuclei typical of each of the subdivisions.
In extracting this information from the sections, two assumptions were made: first, that each slide represented a random slice through the tissue in the x-z plane (i.e. perpendicular to the tissue surface), and secondly that the shape of both cells and nuclei could be approximated as simple cuboids. This assumption of simple geometry was necessary to allow the construction of finite element meshes representing individual cells. In addition, an important factor to be considered was the problem of requiring three-dimensional parameters from 2D sections. If we assume that each section has been cut vertically through the epithelia, it is a reasonable assumption that on average, the length in the unseen 'y'-plane (into the page), will be similar to those measured in the 'x'-plane (see figure 2 for the definition of Cartesian planes). Thus, in our cell and tissue models, all parameters in the 'x'-and 'y'-directions will be the same. Initially, a semi-automated analysis using basic image processing techniques was attempted. This involved thresholding each image in order to highlight either dark regions associated with nuclei, or lighter regions corresponding to cytoplasm. Image processing techniques, such as watershedding and contouring, were then used to attempt to isolate the features of interest. However, although a reasonable degree of accuracy was achieved for the superficial levels of the normal or low-grade CIN sections, in the case of neoplastic tissue, or even the basal levels of the normal sections, the results were much less satisfactory. These cells often have nuclei that occupy a very large fraction of the total intracellular compartment and only a very small part of the cytoplasm is visible. This results in individual cells being incorrectly contoured into two or more separate regions, and the dimensions of cells in these layers being consistently underestimated. It was therefore decided that semi-automated segmentation of cells was not appropriate for obtaining accurate dimensions of cells for use in model construction, and a manual method of picking individual cells and nuclei was adopted.
Analysis was carried out using jpeg or bitmap format images loaded into the Mathworks Matlab TM software in a greyscale format. The limits of the epithelium were defined as the working area, which was then divided into four equal thicknesses, as before. A magnification factor was selected which allowed the outline of a number of cells (or when appropriate, nuclei) to be clearly seen in one layer. The Matlab TM ginput function was then used to define the maximum width and height of at least ten clearly defined cells or nuclei. An example of this process for the superficial section (level no. 4) of a normal tissue section is shown in figure 3 . These data were stored, and the process repeated for each of the four layers. The mean width and height for each layer was calculated, and the data exported to Excel where further analysis, such as the calculation of actual physical dimensions using the known scaling factor was carried out.
A total of 40 images, consisting of 10 normal, and 10 each from the CIN I, CIN II and CIN III categories were analysed in this way. This process, though time-consuming, provided a more accurate picture of the distribution of cell and nuclear sizes in normal and pathological epithelium than the semi-automated approach. Obviously, problems still exist, including those associated with the under-estimation of superficial cell sizes, and more importantly, distortion due to the various processes involved in biopsy and tissue fixation. However, until a technique is developed that allows us to measure these parameters in vivo, which would probably in itself negate the requirement for this research, this is the best method available for obtaining an estimate of these parameters.
Effects of tissue processing on linear dimensions
It is well known that the processes of removing and preparing tissue for histological analysis affect the distribution of intra-and extracellular fluids. Any net movement in fluid between these compartments will cause a change in the volume of cells, and hence the dimensions we observe in histological sections will not be an accurate representation of those that exist in vivo.
It has been estimated that the processes involved in extracting and fixing tissue cause an approximate 20% reduction in the linear dimensions of tissues (Silverman et al 1992) . For this reason, the cell and nuclear heights, and widths, and also the epithelial thicknesses obtained, were adjusted to compensate for these effects.
Epithelial thickness
The thickness of cervical squamous epithelium varies significantly, with most values in the range of 0.2-0.5 mm. There is no evidence to suggest that epithelial depth is in any way 8.9 ± 1.6 12 ± 1.6 13 ± 1.7 0.33 CIN III 4 10 ± 1.8 7.6 ± 2.0 20 ± 5.5 13 ± 3.2 0.14 CIN III 3 9.3 ± 1.7 8.6 ± 1.7 18 ± 5.9 16 ± 1.8 0.15 CIN III 2 8.7 ± 1.5 9.4 ± 2.0 15 ± 3.6 16 ± 1.5 0.20 CIN III 1 8.4 ± 1.5 9.4 ± 2.4 13 ± 2.3 14 ± 2.4 0.28 correlated with tissue pathology. However, one of the main determinants of this parameter is age. Reduction in oestrogen levels after menopause causes the volume of cytoplasm to decrease, and the epithelium becomes atrophic, consisting only of a few layers of cells. The nuclear-cytoplasmic ratio is enlarged, and the tissue, while perfectly healthy, may superficially have a similar appearance to CIN (Anderson et al 1992) . Again, there are no quantitative data relating to epithelial thickness in the literature. An estimate of the range of typical values was obtained from the same 40 images used to obtain estimates of cellular and nuclear dimensions. It was observed that whereas the thickness of epithelium in tissue diagnosed as normal or low-grade CIN was almost constant throughout each section, this was not the case for more advanced dysplasia. In many of the high-grade CIN images, the base of the epithelium did not run parallel to the surface, and changes in thickness of a factor of 2 or more were apparent in many sections. In these cases, the thickness recorded is an approximate average value for that section.
The mean epithelial depth for each pathological group is shown in table 6. As expected, there appears to be no correlation with neoplastic development, although there is less variation in the thickness of the more pathologically advanced sections. 
Cellular morphology
A summary of the parameters for each of the four tissue types is shown in table 7. Note that figures shown in this table are adjusted for tissue shrinkage. Figure 4 shows scatter plots of the mean cell lengths (adjusted for cell shrinkage) obtained for each level of the 40 tissue sections classified according to pathology. The marked reduction in cell size with the progression of CIN is apparent, with the most prominent reduction taking place at the levels closest to the tissue surface (roughly corresponding to the superficial and intermediate cell layers). Interestingly, these results suggest that there is some change in cell morphology in the surface layers even in the early stages of CIN, which is contrary to the definition of early changes affecting only the bottom section of the epithelium. This supports the idea that such a quantitative method of analysis is capable of detecting changes that might be missed during a standard visual histopathology inspection. The distribution of nuclear-cytoplasmic ratio (nc) is similarly displayed in figure 5 (a)-(d). In this case, the changes in nc with the progression of CIN can clearly be correlated with the pathologists' definition of the stages of neoplastic development. in nc are most marked in the basal layers, whereas in the more severe stages of dysplasia (CIN II-III), there is a substantial increase in nc in the superficial tissue.
Conclusion
Detailed examination of the available literature relating to the morphological features of normal and precancerous cervical epithelium revealed general agreement on the trends of decreasing cell size, and an increase in nuclear-cytoplasmic ratio and extracellular volume associated with the progression of CIN, but an absence of quantitative data. In order to obtain parameters required to construct a finite element model of this tissue, we carried out a detailed study of 40 histology slides. Basic image processing techniques and manual picking methods were used to obtain the dimensions of nuclei and cells selected at random from each of four equally thick epithelial subdivisions in normal and three grades of precancerous epithelium. Mean cell and nuclear sizes were then obtained, and an approximate nuclear-cytoplasmic volume ratio calculated for each level in the four tissue types, assuming equal dimensions in the x-y plane, and 20% tissue shrinkage associated with tissue excision and fixation. We can conclude that the changes in cell size distribution and nuclear-cytoplasmic ratio derived from our quantitative analysis of histology slides from the four tissue groups agree well with the qualitative data available in the literature. Unfortunately, we do not have access to high magnification sections, so it has not been possible to obtain quantitative data on the distribution of extracellular space, though the distortion caused by fixation techniques would raise serious issues regarding the validity of such measurements. However, the information that we have obtained regarding the typical distribution of cell and nuclear sizes within normal and pathological epithelium, along with an understanding of the qualitative changes in extracellular volume, has provided us with a basis for the development of reasonably realistic models of electrical current flow in normal and precancerous epithelium.
Related Publications
Further details of the development of the finite element models based on the morphological data discussed in this paper, and the results of this analysis can be found in Walker et al (2002) .
